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ABSTRACT  Single-wall  carbon  nanotube  field  effect  transistors  (SWNT-FETs)  are  ideal  candidates  for 
fabricating  sensors  due  to  their  unique  electronic  properties  and  have  been  widely  investigated  for  chemical  and 
biological  sensing  applications.  The  lack  of  selectivity  of  SWNT-FETs  has  prompted  extensive  research  on 
developing  ligands  that  exhibit  specific  binding  as  selective  surface  coating  for  SWNTs.  Herein  we  describe  the 
rational  design  of  a  peptide  recognition  element  (PRE)  that  is  capable  of  noncovalently  attaching  to  SWNTs  as  well 
as  binding  to  trinitrotoluene  (TNT).  The  PRE  contains  two  domains,  a  TNT  binding  domain  derived  from  the  binding 
pocket  of  the  honeybee  odor  binding  protein  ASP1,  and  a  SWNT  binding  domain  previously  identified  from  the 
phage  peptide  display  library.  The  PRE  structure  in  the  presence  of  SWNT  was  investigated  by  performing  classical 
all-atom  molecular  dynamics  simulations,  circular  dichroism  spectroscopy,  and  atomic  force  microscopy.  Both 
computational  and  experimental  analyses  demonstrate  that  the  peptide  retains  two  functional  domains  for  SWNT 
and  TNT  binding.  The  binding  motif  of  the  peptide  to  SWNT  and  to  TNT  was  revealed  from  interaction  energy 
calculations  by  molecular  dynamics  simulations.  The  potential  application  of  the  peptide  for  the  detection  of  TNT 
is  theoretically  predicted  and  experimentally  validated  using  a  SWNT-FET  sensor  functionalized  with  a  designer 
PRE.  Results  from  this  study  demonstrate  the  creation  of  chemosensors  using  designed  PRE  as  selective  surface 
coatings  for  targeted  analytes. 
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The  unique  electronic  and  mechani¬ 
cal  properties  of  carbon  nanotubes 
(CNTs)  can  be  exploited  for  creating 
highly  sensitive,  lightweight  sensors  for  the 
detection  of  chemical  and  biological 
agents.1  -3  The  extreme  sensitivity  of 
SWNTs  to  molecular  adsorption  and 
changes  in  local  environment  make  them 
attractive  as  sensing  elements.  However, 
SWNTs  alone  demonstrate  low  selectivity 
toward  specified  targets.  For  example,  even 
the  contact  with  an  inert  gas  causes  a 
change  in  the  conductivity  of  SWNTs.2 
There  is  a  need  to  develop  surface  function¬ 
alization  coatings  (recognition  elements) 
for  the  development  of  selective  SWNT  sen¬ 
sors.  The  selective  binding  of  a  target,  via 
the  immobilized  recognition  element,  onto 
the  SWNT  surface  results  in  a  selective 


change  in  electronic  properties  of  the 
SWNT-FET  device.4  Due  to  their  highly  spe¬ 
cific  recognition  abilities,  the  use  of  biomo- 
lecular  coatings  is  an  attractive  solution  for 
designing  molecular  recognition  elements 
that  can  be  immobilized  onto  the  SWNT  sur¬ 
face.  Biomolecules  have  been  used  in  the 
surface  functionalization  of  SWNTs  for  vari¬ 
ous  sensing  applications.2-5  For  optimal 
performance,  the  immobilized  biomole¬ 
cules  should  maintain  their  ability  to  bind 
target  analytes.  Small  molecules  such  as 
peptides  or  nucleic  acid  based  aptamers 
are  exceptional  candidates  for  such  applica¬ 
tions  and  exhibit  enhanced  stability  rela¬ 
tive  to  large  biomolecules,  such  as  antibod¬ 
ies.  Short  peptide  sequences  have  been 
covalently  functionalized  to  silicon  nano¬ 
wires  as  selective  sensors  against  acetic 
acid  and  ammonia.5  Molecular  templates 
such  as  peptides  or  aptamers  that  selec¬ 
tively  bind  to  a  given  target  can  be  identi¬ 
fied  using  combinatorial  approaches.  Pep¬ 
tide  sequences  that  are  capable  of  binding 
to  carbon  nanotubes,  metal  surfaces,  bacte¬ 
rial  spores,  and  explosives  have  been  previ¬ 
ously  identified  from  peptide  libraries.6-8 

We  previously  identified  SWNT  binding 
peptides  by  screening  a  combinatorial 
phage  display  peptide  library.7  The  SWNT 
binding  peptide  PI  (His-Ser-Ser-Tyr-Trp-Tyr- 
Ala-Phe-Asn-Asn-Lys-Thr)  was  found  to  bind 
and  disperse  SWNTs.  The  PI  peptide  was 
then  incorporated  into  a  bifunctional  pep¬ 
tide  (PI  -R5)  that  was  used  to  functionalize  the 
surface  of  SWNTs  with  metal  oxides.  The 
P1-R5  peptide  was  capable  of  noncovalent 
binding  to  the  SWNT  surface  via  the  PI  pep¬ 
tide  domain  and  templating  the  growth  of 
metal  oxides  on  the  nanotube  surface  via  the 
R5  domain  (Ser-Ser-Lys-Lys-Ser-Gly-Ser-Tyr- 
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Ser-Gly-Ser-Lys-Gly-Ser-Lys-Arg-Arg-lle-Leu-).7,9  This  ear¬ 
lier  work  demonstrated  that  biomolecular  templates  can 
be  designed  to  impart  specific  functionalities  to  the  SWNT 
surface.  In  this  study,  we  explore  the  possibility  of  design¬ 
ing  a  short  peptide  recognition  element  (PRE)  capable  of 
binding  to  a  target  that  is  immobilized  onto  the  surface  of 
SWNT  via  the  PI  peptide  for  the  development  of  a  SWNT- 
FET  sensor  for  trinitrotoluene  (TNT).  One  of  the  basic  de¬ 
sign  requirements  was  to  use  a  short  peptide  that  is  ca¬ 
pable  of  binding  to  a  target  of  choice  to  act  as  our 
molecular  recognition  element  or  receptor-like  moiety. 
This  peptide  sequence  can  then  be  fused  to  the  PI  pep¬ 
tide  to  create  a  multifunctional  peptide  that  is  capable  of 
both  binding  to  the  SWNT  surface  and  detecting  a  target 
molecule.  Short  peptide  sequences  have  been  used  to  de¬ 
velop  selective  SWNT-FET  sensors  for  metal  ion  sensing.3 
The  authors  used  an  electropolymerization  method  for 
depositing  the  peptides  onto  the  SWNT  surface  for  de¬ 
tecting  Ni2+  and  Cu2+.  Selective  detection  of  metal  ions 
in  the  pico-  to  micromolar  range  was  achieved  in  their 
study  and  opened  up  the  possibilities  of  using  selective 
peptide  sequences  for  tuning  the  selectivity  of  SWNT- 
FETs. 

In  insects,  odor  sensing  occurs  in  the  antenna.  Small 
proteins  called  odorant  binding  proteins  (OBPs)  bind 
and  ferry  hydrophobic  odorant  molecules  from  the  ex¬ 
ternal  environment  to  receptors  on  the  antennal  olfac¬ 
tory  sensilla.10,1 1  The  exceptional  ability  of  insects  to  de¬ 
tect  chemical  signatures  has  led  researchers  at  Los 
Alamos  National  Laboratory  to  train  bees  for  explo¬ 
sives  detection,  and  trained  bees  are  used  in  a  hand¬ 
held  device  by  Inscentinel  for  the  detection  of  explo¬ 
sives  and  other  analytes.12,13  The  antennal-specific 
protein-1  (ASP1),  an  OBP  from  honeybee,  Apis  met- 
lifera,  contains  a  C-terminal  tail  fragment  that  has  been 
shown  to  bind  to  pheromones  and  other  chemical  tar¬ 
gets.14  Four  amino  acids  residues  (Trp-Phe-Val-lle)  at 
the  C-terminus  end  play  an  important  role  in  binding 
to  TNT.15  Interestingly,  the  tetrapeptide  sequence  from 
ASP1  protein  shares  homology  to  the  C-terminal  end 
of  the  TNT  binding  dodecapeptide  identified  by  Gold¬ 
man  et  at.  (Trp-Flis-Arq-Thr-Pro-Ser-Thr-Leu-Trp-Glv-Val- 
He)  from  a  phage  peptide  library.8  We  fused  the  four 
amino  acids  to  the  C-terminal  end  of  the  PI  peptide  via 
a  tetraglycine  linker  to  create  a  diblock  PI  ASPIC  pep¬ 
tide  (-His'-Ser2-Ser3-Tyr4-Trp5-Tyr6-Ala7-Phe8-Asn9-Asn10- 
Lys11-Thr12-Gly,3-Gly14-Gly15-Gly16-Trp17-Phe18-Val19- 
lle20).  The  PI  ASPIC  diblock  peptide  was  then  used  to 
functionalize  the  surface  of  SWNTs  in  a  FET  device.  In 
this  study,  we  show  the  structural  and  functional  prop¬ 
erties  of  PI  ASPIC  upon  adsorption  onto  SWNTs  using 
computational  modeling  and  experimental  techniques 
and  provide  evidence  for  using  designer  peptides  as 
recognition  elements  in  the  fabrication  of  a  selective 
SWNT-FET  chemosensor. 


Figure  1.  Peptide  PI  ASPIC  structure  prediction  using  molecular  dy¬ 
namics  simulations.  Starting  three  different  initial  conformations  A,  B, 
and  C  (left  panels)  and  equilibrated  structures  (right  panels).  Interac¬ 
tion  between  Trp,7-Phe18  from  one  side  and  Tyr4-Trp6-Tyr5  from  the 
other  side  stabilizes  the  sheet  structure,  while  the  bulkiness  of  Asn9- 
Asn10-Lys"-Thr12  destabilizes  the  helix  structure. 


RESULTS 

The  limiting  factors  in  the  use  of  biomolecules  as 
sensing  elements  are  their  stability  and  orientation 
when  interacting  with  the  surface  of  a  device.  There¬ 
fore,  when  designing  SWNT-biomolecule  hybrids,  it  is 
critical  to  understand  the  effect  of  carbon  nanotubes  on 
the  structure  of  the  adsorbed  biomolecules.  It  has  been 
reported  that  the  enzyme  a-chymotrypsin  undergoes 
substantial  secondary  structure  changes  upon  adsorp¬ 
tion  onto  SWNTs,  resulting  in  complete  loss  of  catalytic 
activity.16  Smaller  peptide  sequences  have  also  been 
shown  to  undergo  a  structural  transition  upon  SWNT 
binding.17,18  This  has  raised  concerns  about  the  struc¬ 
tural  and  functional  integrity  of  the  adsorbed  biomole¬ 
cules  on  the  SWNT  surface. 

To  investigate  the  effect  of  SWNTs  on  the  PI  ASPIC 
peptide,  we  first  obtained  the  structure  of  the  peptide 
in  its  native  and  SWNT-bound  states  using  circular 
dichriosm  (CD)  spectroscopy  and  computational  mod¬ 
eling.  The  initial  coordinates  of  PI  ASP1 C  were  predicted 
using  Rosetta  software.19  Given  the  PI  ASPIC  sequence, 
1289  structures  were  generated  and  clustered  into  five 
clusters.  Top  five  energy-minimized  structures  were  ob¬ 
tained  using  AMBER10.  The  structure  with  the  lowest 
energy  was  further  equilibrated  using  AMBER10  replica 
exchange  molecular  dynamics  (REMD)  simulations.  The 
REMD  consisted  of  20  replicas  with  temperatures  expo¬ 
nentially  spaced  between  270  and  700  K.  Possible  rep¬ 
lica  exchanges  were  tested  every  1  ps,  and  10  000  tests 
were  done.  Additional  MD  simulations  were  performed 
for  the  replica  at  298.48  K  to  achieve  saturated  root 
mean  square  deviation  (rmsd).  The  initial  and  equili¬ 
brated  structures  are  shown  in  row  A  in  Figure  1 .  Since 
no  homological  structure  templates  were  found  for 
PI  ASP1 C,  we  further  tested  the  reliability  of  the  Ro¬ 
setta  prediction  using  two  different  sets  of  initial 
PI  ASPIC  structures  shown  in  rows  B  and  C  in  Figure  1. 
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Figure  2.  PI  ASPIC  peptide  structure  prediction  in  the  pres¬ 
ence  of  SWNT  using  molecular  dynamics  simulations.  Start¬ 
ing  with  two  different  configurations  A  and  B  of  the 
P1ASP1C-SWNT  hybrid,  we  obtained  two  equilibrated  con¬ 
figurations  C  and  D.  In  C,  the  p-sheet  structure  is  retained 
with  Trp5  playing  an  important  role  in  the  adsorption.  In  D, 
an  unordered  coil  wraps  around  the  nanotube. 


The  initial  structure  in  row  B  is  an  extended  p-strand. 
The  initial  structure  in  row  C  is  made  of  the  C-terminal 
part  of  ASP1.  Starting  with  three  different  initial  struc¬ 
tures  (Figure  1,  left  panels),  molecular  dynamics  simula¬ 
tions  were  performed  using  different  random  seeds  for 
each  starting  coordinates.  The  potential  energy  of  the 
three  equilibrated  systems  is  about  -400  kcal/mol  (Fig¬ 
ure  1,  right  panels).  In  all  three  cases,  the  final  struc¬ 
tures  show  that  the  hydrophobic  groups  Tyr4-Trp5-Tyr6- 
Ala7-Phe8  from  the  N-terminal  half  and  Trp17-Phe18- 
Val19-lle20  from  the  C-terminal  half  pack  together  to 
form  p-sheets  due  to  the  hydrophobic  interaction.  The 
bulkiness  of  the  adjacentfour  residues  Asn^Asn^-Lys11- 
Thr12-  destabilizes  an  a-helix  so  that  turns  occur  in  that 
region.  From  a  statistical  point  of  view,  they  all  con¬ 
verge  into  the  same  structure. 

The  equilibrated  peptide  predicted  from  Rosetta 
was  subsequently  placed  above  the  SWNT  in  two  differ¬ 
ent  geometries,  in  which  the  peptide  lies  parallel  or  per¬ 
pendicular  to  the  axis  of  the  SWNT,  as  shown  in  Figure 
2A,B,  respectively.  For  each  initial  P1ASP1C-SWNT 
structure,  three  independent  MD  runs  were  performed. 
Among  the  six  total  simulations,  two  equilibrated 
P1ASP1C-SWNT  structures  (Figure  2C,D)  were  ob¬ 
tained.  We  defined  the  structures  in  Figure  2C,D  as  fold¬ 
ing  and  wrapping  conformations,  respectively.  The  de¬ 
pendence  of  the  final  biomolecular  conformations  on 
the  initial  configurations  has  also  been  observed  in  the 
MD  simulations  of  a  ssDNA-SWNT  hybrid  system.20  A 
large-scale  REMD  simulation  has  revealed  a  rugged  free 
energy  landscape  with  multiple  minima  corresponding 
to  distinct  conformations.21  Within  typical  MD  time 
scales  (10-100  ns),  the  system  may  be  trapped  in  those 
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Figure  3.  CD  spectrum  of  (A)  PI  ASPIC  in  solution  (black) 
and  fitted  using  SELCON  (blue)  and  CONTIN  (red)  and  (B) 
P1ASP1C-SWNT  in  solution  (black)  and  fitted  using  SEL¬ 
CON  (blue)  and  CONTIN  (red).  (C)  Secondary  structure  com¬ 
ponents  extracted  based  on  the  fitting  from  (A).  (D)  Second¬ 
ary  structure  components  extracted  based  on  the  fitting  in 
(B).  The  percentage  of  a-helix,  p-sheet,  p-turn,  and  random 
coil  present  obtained  using  the  CONTIN  method  (inset). 


metastable  configurations.  In  addition,  many  simula¬ 
tion  examples  have  shown  that  a  native  structure  is  not 
necessary  corresponding  to  the  global  minimum  en¬ 
ergy  state  22,23  Therefore,  to  further  determine  the  con¬ 
formation  of  the  PI  ASPIC  on  the  SWNT  surface,  we  re¬ 
sorted  to  circular  dichroism  (CD)  spectroscopy  and 
atomic  force  microscopy  (AFM)  analyses. 

CD  and  AFM  Studies.  Molecular  dynamics  simulations 
predicted  that  the  main  structural  content  of  the 
PI  ASPIC  consists  of  p-sheet  and  turns  with  two  pos¬ 
sible  conformations  for  PI  ASPIC  upon  interaction  with 
the  carbon  nanotube.  The  folding  conformation  almost 
retains  the  PI  ASPIC  structure,  but  the  wrapping  con¬ 
formation  is  significantly  different  from  the  starting 
PI  ASPIC  predicted  structure.  CD  and  AFM  scanning 
height  analysis  were  performed  and  used  to  verify  our 
computational  results.  The  CD  spectrum  of  PI  ASP1 C 
(0.2  mg/mL)  in  solution  indicate  an  unordered  struc¬ 
ture  (Figure  3A).  When  the  SWNTs  are  dispersed  in  the 
presence  of  PI  ASPIC  peptide,  we  observed  changes  in 
the  CD  spectra.  We  used  two  different  algorithms  called 
SELCON  and  CONTIN  for  secondary  structure  determi¬ 
nation  24  The  CD  spectrum  of  PI  ASP1 C  peptide  was  fit¬ 
ted  into  10  different  sets  of  known  protein  structures 
using  SELCON  and  CONTIN.  Secondary  structures  can 
be  quantified  by  comparing  the  PI  ASPIC  spectrum  to 
that  of  well-characterized  protein  structure.  The  SEL¬ 
CON  and  CONTIN  algorithms  quantify  the  percentage 
of  a-helix,  (3-sheet,  p-turn,  and  random  coil  present  in 
the  PI  ASP1 C  before  and  after  absorption  onto  the  nan¬ 
otube.  The  fitting  of  CD  using  SELCON  and  CONTIN  is 
shown  in  Figure  3A,B  for  PI  ASPIC  and  P1ASP1C- 
SWNT,  respectively.  The  structural  fractions,  regular 
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Figure  4.  Adsorption  of  PI  ASP1 C  peptide  on  nanotube.  AFM  topography  images  of  1 .1  pm  x  1 .1  pm  scan  of  (A)  bare  and 
(B)  PI  ASP1  C-coated  SWNTs.  Note  that  the  width  of  the  SWNTs  is  larger  than  normal  due  to  the  AFM  tip  artifact.  (C)  Normal¬ 
ized  feature-height  histograms  deduced  from  (A)  SWNT  and  (B)  PI  ASPIC-adsorbed  SWNT.  (D)  P1ASP1C-SWNT  depicted 
from  MD  stimulation. 


a-helix  (Hr),  distorted  a-helix  (Hd),  regular  (3-sheet  (Sr), 
distorted  p-sheet  (Sd),  turns  (T),  and  unordered  coil  (U), 
extracted  from  CONTIN  are  shown  in  Figure  3C,D.  Both 
of  the  fitting  models  show  that  PI  ASP!  C  reconfigures 
to  more  structured  state  by  increasing  a-helical  and 
p-sheet  fractions  upon  interaction  with  the  carbon  nan¬ 
otube.  Ramachandran  histograms  that  are  composed 
with  1000  equilibrated  trajectory  snapshots  for 
PI  ASPIC  and  P1ASP1C-SWNT  show  that  the  main 
structural  fractions  of  PI  ASP1 C  peptide  are  in  the 
p-sheet  region  and  restructure  into  more  ordered  con¬ 
figuration  when  adsorbed  onto  the  SWNT  by  increasing 
the  p-sheet  fraction  (data  not  shown).  The  numerical 
percentages  of  each  structural  component  deducted 
from  CONTIN  method  are  in  good  agreement  the  Ram¬ 
achandran  histogram,  implying  that  PI  ASPIC  predomi¬ 
nantly  retains  p-sheet  conformation  upon  its  adsorp¬ 
tion  onto  the  SWNT.  The  PI  ASPIC  peptide  coating  on 
CNTs  was  also  analyzed  by  AFM  to  confirm  the  adsorp¬ 
tion  of  the  PI  ASPIC  peptide  onto  the  carbon  nanotube. 
As  shown  in  Figure  4,  a  topological  difference  between 


a  bare  SWNT  and  PI  ASPIC-coated  nanotube  can  be  ob¬ 
served.  The  PI  ASPIC  peptide  was  found  to  uniformly 
coat  the  carbon  nanotube.  In  Figure  4C,  the  feature 
height  histogram  in  the  AFM  scans  shows  that  the  bare 
nanotube  has  a  diameter  of  1 .4(±0.25)  nm,  and  upon 
adsorption  of  the  PI  ASPIC  peptide,  the  height  scan  in¬ 
creased  to  4.05(±0.32)  nm.  From  these,  the  thickness 
of  the  peptide  coating  around  the  nanotube  is  esti¬ 
mated  to  —2.6  nm.  This  calculated  thickness  is  compa¬ 
rable  to  the  computed  peptide  thickness  of  1.2  or  2.4 
nm  for  complete  coating  around  the  nanotube  (Figure 
4D).  It  is  well-known  that  aromatic  amino  acids  such  as 
in  phenylalanine  (Phe),  tryptophan  (Trp),  and  tyrosine 
(Tyr)  can  bind  to  SWNTs  via  tt-tt  interactions.25,26  The 
amino  acid  Trp5  plays  an  important  role  in  binding  to 
SWNT  through  tt-tt  stacking,  as  shown  in  Figure  2. 
Substitution  of  Trp5  with  alanine  reduced  its  interac¬ 
tion  with  the  carbon  nanotube.  This  is  not  surprising  be¬ 
cause  other  studies  have  also  indicated  the  impor¬ 
tance  of  tryptophan  in  SWNT  binding  26  Therefore,  on 
the  basis  of  CD  and  AFM  analyses,  the  predicted  fold- 
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Figure  5.  (A)  Interaction  energy  of  TNT,  RDX,  and  HPT  with  bare  SWNT  or  PI  ASPIC-decorated  SWNT.  (B)  Computational 
modeling  predicts  that  TNT  binds  to  PI  ASPIC- SWNT  hybrid  through  a  H  bond  with  Trp17  and  tt-tt  interaction  with  the 
SWNT  surface.  Response  of  (C)  bare  SWNT-FET  and  (D)  PI  ASPIC-coated  SWNT-FET  to  TNT  (red  circles),  RDX  (blue  triangles), 
and  HPT  (black  squares).  Arrow  indicates  when  the  vapor  was  introduced  into  the  device.  Note  that  the  chemical  agents  were 
exposed  under  ambient  conditions. 
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ing  of  PI  ASPIC  on  the  nanotube  is  reliable  and  can  be 
used  for  further  theoretical  molecular  binding  studies  as 
described  below. 

PI  ASPIC — SWNT  As  a  Chemical  Sensor.  Using  the  equili¬ 
brated  structures  shown  in  Figure  2C,  we  calculated 
the  interaction  energy  between  P1ASP1C-SWNT  and 
three  different  chemical  agents  2,4,6-trinitrotoluene 
(TNT),  cyclotrimethylenetrinitramine  (RDX),  and 
2-heptanone  (HPT)  using  MD  simulations.  Docking 
TNT,  RDX,  and  HPT  onto  different  positions  above 
P1ASP1C-SWNT  using  AutoDock  program,  we  per¬ 
formed  MD  simulations  to  generate  equilibrated  trajec¬ 
tories  of  the  system.  In  several  trials,  RDX  and  HPT  mi¬ 
grate  away  from  the  peptide  to  the  surface  of  SWNT  so 
that  the  calculated  interaction  energy  of  RDX  and  HPT 
with  the  bare  SWNT  and  PI  ASP1C-SWNT  remains  simi¬ 
lar,  as  shown  in  Figure  5A.  However,  the  nitro  group  of 
TNT  forms  a  hydrogen  bond  with  Trp17,  while  the  ring 
of  TNT  stacks  on  the  surface  of  the  SWNT,  as  shown  in 
Figure  5B.  This  provides  a  binding  motif  for  TNT  to  the 
PI  ASP1C-SWNT  hybrid,  where  their  interaction  energy 
is  calculated  to  be  —9  kcal/mol  lower  than  that  of  TNT 
with  a  bare  nanotube  (Figure  5A).  Previous  studies  have 
also  shown  the  importance  of  amino  acid  tryptophan 
for  the  proteins  binding  to  TNT.27-29  Experimentally, 


PI  ASPIC  showed  a  strong  affinity  for  TNT  with  a  K0  of 
—36  nM  as  determined  by  surface  plasmon  resonance 
using  a  Biacore  surface  lasmon  resonance  system.  Since 
the  intrinsic  density  of  states  of  a  SWNT  is  extremely 
sensitive  to  its  physiochemical  environment,  binding 
of  TNT  to  PI  ASP1C-SWNT  should  affect  the  electronic 
properties  of  the  nanotube.  We  tested  the  ability  of  a 
SWNT-FET  device  coated  with  the  PI  ASPIC  peptide, 
which  could  serve  as  a  recognition  element,  to  detect 
TNT.  The  SWNT-FET  device  was  fabricated  and  deco¬ 
rated  with  PI  ASPIC  peptide.  The  SWNT-FET  device  ef¬ 
fectively  serves  to  function  as  a  transduction  device  that 
mimics  the  signal  transduction  process  seen  in  biology. 

The  SWNT-FET  was  exposed  to  TNT,  RDX,  and  HPT 
vapors  as  described  in  the  Methods  section.  While  these 
chemicals  have  similar  molecular  weights,  the  varia¬ 
tion  in  the  vapor  concentration  is  due  to  differences  in 
the  vapor  pressure  (P)  at  the  given  experimental  condi¬ 
tion  [e.g.,  PRDX  =  5  X  10-9  Torr,  P™T  =  9  X  1CT6Torr, 
and  PHPT  =  1.6  Torr  at  25  “C,  1  atm).  Moreover,  the  ex¬ 
tremely  low  P  and  the  wide  variation  in  thermal  desorp¬ 
tion  of  explosive  chemicals  hinder  one  from  forming 
equivalent  vapor  concentration  for  each  agent.  Thus, 
for  the  sake  of  experimental  access,  the  selectivity  of  a 
PRE-decorated  SWNT-FET  was  probed  by  comparing  its 
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response  with  bare  SWNT-FET  responses  for  a  given 
chemical  vapor.  The  sensing  of  TNT  by  the  PI  ASPIC 
peptide-coated  and  -uncoated  SWNT-FET  device  was 
investigated  by  monitoring  the  source-drain  current 
(/sd).  The  circuit  characteristics  of  a  bare  SWNT-FET  and 
PI  ASPIC-functionalized  SWNT-FET  device  are  shown  in 
Figure  5C,D,  respectively.  The  PI  ASPIC-functionalized 
SWNT-FET  exhibits  selective  response  to  TNT  by  show¬ 
ing  that  Iso  increases  upon  exposure  to  TNT,  while  bare 
SWNT-FET  responds  by  decreasing  its  lSo-  The  exposure 
to  RDX  and  HPT  vapors  shows  no  such  selectivity  by 
showing  changes  in  the  /SD  characteristics  that  were 
similar  in  both  the  bare  SWNT-FET  and  PI  ASPIC- 
functionalized  SWNT-FET  device.  Therefore,  P1ASP1C- 
decorated  SWNT-FET  showed  maximal  distinct  changes 
to  TNT  vapors.  As  a  control,  we  also  tested  a  SWNT-FET 
device  coated  with  a  PI  R5  peptide  and  observed  no  se¬ 
lectivity  in  the  /Sd  when  exposed  to  TNT  vapors.  There¬ 
fore,  the  ASP1  tetrapeptide  domain  dictates  the  specific 
recognition  toward  TNT  vapors.  Interestingly,  HPT,  an 
insect  pheromone,  elicited  similar  responses  from  both 
the  bare  SWNT-FET  and  PI  ASPIC-functionalized  SWNT- 


FET  device,  while  vapors  of  RDX,  another  explosive 
chemical,  caused  no  changes  in  the  /SD  behavior.  This 
elucidates  the  discriminating  property  of  the  peptide- 
coated  FET  device  because  HPT  and  RDX  do  not  effec¬ 
tively  interact  with  the  PI  ASPIC-coated  SWNT-FET  de¬ 
vice.  Moreover,  the  noncovalent  nature  of  binding 
between  TNT  molecules  and  PI  ASPIC  peptide  enables 
one  to  recover  and  recycle  the  PRE-functionalized 
SWNT-FET  sensor.  Here,  vacuum  drying  at  ambient  tem¬ 
perature  for  a  few  minutes  accelerates  the  return  to  its 
active  state.  When  the  PI  ASPIC-coated  SWNT-FET  de¬ 
vice  was  tested  in  liquid-gated  sensor  configuration, 
parts  per  trillion  levels  of  TNT  were  detected  in  an  aque¬ 
ous  environment. 

In  conclusion,  we  designed  a  PRE  that  can  spontane¬ 
ously  decorate  SWNTs  and  provide  target  selectivity  in 
a  FET-based  chemical  sensor.  This  approach  can  be 
used  to  fabricate  SWNT-FET  devices  that  could  be  opti¬ 
mized  to  detect  traces  of  specific  targets  using  PREs.  Ad¬ 
ditionally,  nucleic  acid  based  aptamer  recognition  ele¬ 
ments  (AREs)  can  be  used  as  an  alternative  approach  to 
design  selective  chemical  sensors. 


METHODS 

Computational  Methods.  We  first  studied  the  adsorption  of 
PI  ASPIC  (ligand)  onto  SWNT  (substrate)  and  the  interaction  be¬ 
tween  P1ASP1C-SWNT  hybrid  and  chemical  analytes  such  as 
TNT,  cyclotrimethylenetrinitramine  (RDX),  and  2-heptanone 
(HPT)  (a  natural  ligand)  using  classical  all-atom  molecular  dynam¬ 
ics  simulations.  The  initial  coordinates  of  a  SWNT  with  chirality 
of  (1 1 ,3)  and  length  of  8  nm  were  generated  using  Shigeo 
Maruyama's  wrapping  program  (http://www.photon.t.u-to- 
kyo.ac.jp/~maruyama/wrapping3/wrapping.html).  The  SWNT 
atoms  were  modeled  as  uncharged  Lennard-Jones  particles  us¬ 
ing  sp2-type  carbons  in  AMBER99SB  force  field.  The  peptide  was 
also  modeled  using  AMBER99SB  force  field.30  The  GB5  model 
was  used  to  model  solvent  effect.  Chloride  ions  were  used  to 
neutralize  all  of  the  systems.  The  structure  of  studied  chemical 
analytes  TNT,  RDX,  and  HPT  was  built  using  Insightll  and  opti¬ 
mized  using  HF/6-31G**  in  Gaussian  03.3’  AMBER  general  force 
field  was  used  to  model  the  compounds. 

First,  all  of  the  systems  were  equilibrated  until  the  root- 
mean-square  deviation  (rmsd)  of  the  backbone  atoms  was  satu¬ 
rated.  Then,  additional  200  ps  MD  simulations  were  performed  to 
collect  trajectory  snapshots  every  2  ps  for  energy  calculations. 
To  estimate  the  relative  binding  affinity  of  ligands  to  substrates, 
the  interaction  energy  AFjnteract  was  calculated  in  vacuum  phase 
since  the  experiments  were  performed  under  vapor  conditions. 
The  interaction  energy  is  defined  as  the  difference  of  total  poten¬ 
tial  energy  before  and  after  binding,  where  £bond,  Eangie.  ftorsio™ 
Fvdw,  and  feie  are  the  bond  stretching,  the  angle  bending,  the  tor¬ 
sion,  the  van  der  Waals  interaction,  and  the  electrostatic  en¬ 
ergy,  respectively. 

AFjnteract  =  E(complex)  —  £(ligand)  -  f(substrate)  (1) 


E  =  Eh, 


I  Fang|e  +  F|,  ,  -P  £v< 


+  £„i, 


(2) 


Experimental  Methods.  The  termini-unblocked  PI  ASP1 C  pep¬ 
tide  was  synthesized  by  New  England  Peptide  (Gardner,  MA).  Si 
wafers  with  1  p,m  thermal  oxide  were  purchased  from  University 
Wafers  (South  Boston,  MA).  A  monolayer  of  networked  SWNTs 
was  CVD  grown  on  the  Si  wafer  using  previously  published 
procedures.32,33  Nanoparticles  of  iron  hydroxide  were  depos¬ 
ited  on  the  thermal  oxide  layer  by  immersing  the  wafer  in  an 


aqueous  solution  of  10  |jlM  iron  hydroxide  hexahydrate  for  10  s. 
The  catalyst  was  oxidized  by  exposing  the  wafer  to  air  at  800  °C. 
The  air  was  exchanged  with  250  seem  Ar  flow  for  5  min,  and 
500  seem  of  H2  was  introduced  while  heating  up  to  830  °C.  Ar 
flow  was  replaced  with  250  seem  of  CH4  and  250  seem  of  H2, 
while  the  temperature  was  raised  to  900  °C.  The  nanotube 
growth  was  terminated  after  20  min  by  switching  the  CH4  and 
H2  gases  to  150  seem  of  Ar  until  the  growth  oven  cooled  down 
to  room  temperature.  The  density  of  SWNTs  was  controlled  by 
adjusting  the  concentration  of  catalyst  particles.  Conventional 
microlithography  was  introduced  to  pattern  30/80  nm  thick 
Cr/Au  layer  on  both  sides  of  electrodes  for  the  gate,  source,  and 
drain  electrodes.  Peptides  were  dissolved  in  deionized  water  at 
the  concentration  of  0.2  mg/mL.  Two  microliters  of  the  peptide 
solutions  was  dropped  on  the  SWNT  channel  and  incubated  for 
15  min  in  a  100%  humidity  chamber.  The  peptide-loaded  SWNT- 
FET  was  extensively  washed  with  deionized  water  and  dried. 
The  SWNT-FET  device  functionalized  with  PI  ASPIC  peptide  was 
exposed  to  the  chemical  agents  by  introducing  the  vapors  di¬ 
rectly  onto  the  device  surface.  A  MMR  4-probe  station  equipped 
with  a  Keithley  semiconductor  parameter  analyzer  (SCS4200) 
was  used  to  characterize  the  SWNT-FET  device  performance  in 
various  sensing  environments.  SWNT-FET  source-drain  current 
was  monitored  at  gate  and  source-drain  bias  voltage  of  —0.5 
and  0.2  V,  respectively,  while  exposed  to  various  chemical  va¬ 
pors.  The  SWNT-FET  devices  were  exposed  to  TNT  (12  ppb),  RDX 
(6.6  ppt),  and  HPT  (2100  ppm)  vapors  in  the  chamber  saturated 
with  each  vapor  at  25  °C  1  atm.  Topographic  images  of  the  SWNT 
channels  were  taken  using  a  Digital  Instruments  nanoscope  IV- 
multimode  AFM  in  noncontacting  mode.  Binding  of  PI  ASP1 C  to 
TNT  was  also  determined  by  surface  plasmon  resonance  using 
a  Biacore  system.  PI  ASP1 C  was  immobilized  onto  a  CM5  chip  us¬ 
ing  EDC/NHS  coupling  and  blocked  with  ethanolamine.  TNT  di¬ 
lutions  were  made  in  1 0  mM  HEPES  buffer,  1 50  mM  sodium  chlo¬ 
ride,  3  mM  EDTA,  and  0.05%  surfactant  P20. 
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